INTRODUCTION
Chytridiomycosis is an emerging fungal disease in amphibians caused by the chytrid fungus, Batrachochytrium dendrobatidis (Bd) [1] [2] [3] . The disease markedly affected frog populations globally and resulted in the dramatic population decline and extinction of over 200 frog species since 1996 [4] [5] . Chytridiomycosis has been increasingly reported in North, Central and South America, Australia, Europe, South Africa and Asia during the past decade [6] [7] [8] [9] [10] [11] [12] [13] [14] . Bd has been detected in almost 700 different amphibian species on every continent where amphibian exist [3, [15] [16] . Although discovered in 1998, retrospective studies revealed that Bd was detected in a native Japanese giant salamander (Andrias japonicus) preserved in the museum since 1902 [17] and in the skin of an African clawed frog (Xenopus laevis) collected in 1938 and kept in the museum [18] . The hypothesis that chytridiomycosis is spreading worldwide through the amphibian trade for scientifi c research has received a great deal of attention, and the widely distributed American bullfrog (Lithobates catesbeiana) has been proposed as a potential major reservoir of Bd [19] [20] .
Previous studies have indicated that, at least fi ve evolutionarily divergent lineages of Bd exist with varying levels of virulence. The panzootic lineage (Bd-GPL) is globally distributed and appears to be the primary cause of the Bd-driven declines of amphibian populations worldwide [3, [15] [16] [21] [22] [23] , while the other lineages are less virulent [4, 17, [24] [25] [26] . Several novel Bd genotypes that are deeply divergent from the potentially hypervirulent Bd-GPL are increasingly being described from geographic localities without any reported disease-associated amphibian declines [16, [22] [23] . This may suggest that the complex evolutionary history of Bd contains more novel branches that have yet to be discovered [27] . Understanding what lineage is infecting an individual would enable the refi nement of quarantine and conservation measures [23] .
Global climate change plays an important role in disease outbreaks and the extinction of amphibian populations [5] . Chytridiomycosis is now seen worldwide and has recently been reported in Asia. Indeed, parts of South East Asia have been predicted to be suitable for the establishment of Bd, based upon the climate of the region [28] [29] , while climate change and bioclimatic conditions in Asia are suitable for the further distribution of Bd. Thailand, a seasonal evergreen rain and mixed moist deciduous country, harbors diverse amphibian species in the wild as well as native and introduced species in zoo captivity. Frog farming has also been widely invested in, and frogs are exported to Hong Kong, Singapore, Malaysia and Western Countries [30] as pets, food and bait, and as a source of traditional medicine. Chytridiomycosis was reported in the green puddle frog (Occidozyga lima) in Japan [14] . The green puddle frog is a commonly found species in Thailand and the occurrence of chytridiomycosis among Thai amphibian populations is highly possible. Indeed, Bd was also recently identifi ed in imported poison dart frogs [31] in a captive zoo in Bangkok. To understand the status of chytridiomycosis in amphibian populations in Thailand, a survey and monitoring of the presence of Bd, its strains and chytridiomycosis in captive and wild amphibians across the country was established and discussed in this study.
MATERIALS AND METHODS

Study sites and amphibian species
All procedures were conducted following the Chulalongkorn University guidelines for the care and use of animals (protocol No. 1631025). To determine the prevalence and disease status in captive and natural free-ranging amphibians in Thailand, the study areas were spread across fi ve national zoos in the north, south, east, northeast and central area of the country and at the fi ve natural free-ranging areas of HuawjarakaemakBuriram Reservoir, Jomthong-Chiang Mai, Chiang Dao-Chiang Mai, Nan-Inland Fisheries Station and Sai Yok, Kanchanaburi (Table 1 and Figure 1 ). Figure 1 ) and protected areas in the northeastern (No.6, Table 1 and Figure 1 ), northern (No.7-9, Table 1 and Figure 1 ) and western (No.10, Table 1 and Figure 1 ) part of Thailand were included. Table 1 . 
Sampling technique
The skin was sampled at three sites (gular, abdomen and pelvic patch) [32] by swabbing ( Figure 2 ). Samples were kept in 95% (v/v) ethanol under room temperature for 1-3 days before freezing at -80 °C for storage until used for genomic DNA extraction and polymerase chain reaction (PCR) analysis.
Molecular detection of Bd by PCR
Genomic DNA was extracted from the swab samples using an ArchivePure DNA Purifi cation kit (5 PRIME, Gaithersburg, MD, USA). The species-specifi c primers (Bd1a and Bd2a) for amplifi cation of the internal transcribed spacer (ITS) regions (ITS1 and ITS2) of Bd and PCR reaction composition were used as previously reported [33] . Thermal cycling was performed as 45 cycles at 95 °C for 40 sec, 60 °C for 1 min and 72 °C for 1 min, followed by a fi nal 72 °C for 5 min and held at 4 °C. The PCR products were resolved on 2% (w/v) agarose gel by electrophoresis and visualized by an ultraviolet transilluminator. For sensitivity testing, 10-fold DNA template dilutions were examined. For specifi city testing, the selected positive band was purifi ed using the GeneJET PCR Purifi cation Kit (Fermentas, Thermo fi sher scientifi c Waltham, MA, USA) and submitted for commercial direct sequencing (Solgent TM , Daejeon, Korea) for both strands. The obtained sequences were compared with those deposited in the GenBank database (NCBI) using the BLASTn algorithm. The consensus ITS1-ITS2 sequence of Bd (342 bp) was deposited in GenBank with accession number KU669287 (strain ZFT-CU1). Phylogenetic tree construction using the neighbor joining (NJ) distance based method was performed using the Mega 6 software [34] .
Histopathology
To confi rm the presence of chytrid fungus (assumed Bd) in the affected frog skin, the 21 PCR-positive skin samples (abdomen area) were collected and fi xed in 10% neutral buffered formalin and further processed for routine histopathology. The tissues were sectioned (5-μm thickness) and then stained with Hematoxylin and Eosin (H&E) and Grocott's methenamine silver (GMS) prior to examination under light microscopy.
Immunohistochemistry
Skin samples were further processed for immunohistochemical analysis. After rehydration in a serial dilutions of ethanol with water, they were treated with 3% (v/v) hydrogen peroxide in methanol for 20 min to block non-specifi c endogenous peroxidase activity, washed in phosphate buffer solution (PBS) and then blocked by incubation in 1% (w/v) bovine serum albumin for 30 min prior to the addition of rabbit polyclonal anti-Bd antibody (1:200 dilution; courtesy by Dr. Yumi Une, Azabu University) and then incubated at 4 °C overnight. After incubation, tissues were washed in PBS and incubated with the secondary antibody conjugated universal immuno-enzyme polymer using the Histofi ne MAX PO kit (Nichirei, Tokyo, Japan) for 30 min at room temperature, washed in PBS and developed by the addition of 3 3'-diaminobenzidine substrate. Finally, the tissues were counterstained with hematoxylin and observed under light microscopy. Normal healthy skins from naturally dead frogs were used as a negative control. [31] 
RESULTS
PCR detection of Bd
The PCR amplicons of Bd from the skin swab samples,using the Bd-specifi c ITS1-ITS2 primers, showed a positive band of 342 bp (Figure 3) . The PCR sensitivity test revealed a limit of detection of 1.02 × 10 -1 ng/μl. In total, 21 out of the 492 frog skin samples (4.27%) were found to be PCR positive for Bd, from one tomato frog (Dyscophus antongilii) and 20 poison dart frogs (Dendrobates tinctorius). All the positive samples were from dead frogs obtained from one zoo (NEZ, No. 4 in Table 1 and Figure 1 ) and were non-native imported species. Overall, the prevalence of Bd in the dead amphibians sampled was 12.5% (21/168), whereas none of the 259 swab samples collected from live free-ranging amphibians or 65 swab samples collected from live zoo amphibians were positive for Bd. BLASTn searching of the GenBank database and DNA sequence identity analysis revealed that all Bd detections in this study were from one sequence isolate, designated here as Bd ZFT-CU1 (KU669287), and that this isolate was closely related (98% nucleotide identity) with various clones of the Bd strain CW34 isolated from the African clawed frog (Xenopus laevis) (JQ582903, JQ582904, JQ582915, JQ582937). The NJ phylogenetic tree depicted that Bd ZFT-CU1 was not closely associated with the global panzootic lineage (Bd-GPL) (Figure 4 ).
Histopathology and immunohistology of the Bd infected amphibian's skin
Histopathological examination of the skin of the 21 PCR-positive samples revealed a positive Bd phenotype in only 6/20 poison dart frogs and the tomato frog (1/1), or a total of 33.33% of the PCR-positive samples. The epidermis of the poison dart frogs showed multiple chytrid zoosporangia containing zoospores and empty zoosporangia within the keratin layers of the stratum corneum ( Figure 5A ). The typical characteristics of Bd, fl ask-shaped zoosporangia and septate thalli roughly spherical with a discharge papilla projecting, were evident. In cross section, empty spaces or dark circles of zoosporangia were often seen in the stratum corneum of the affected epidermis. The zoosporangia size varied from 6-10 μm in diameter. Vacuolar change of the epidermis accompanied with ballooning degeneration was observed without any ulcerative dermatitis or hyperkeratosis of the epidermis. Scattered lymphocytic infi ltration in the epidermis was also found. The septate thalli, sporangia containing zoospores were clearly visible by GMS staining (data not shown).
The immunohistochemical stained sections showed a positive dark brown color at the zoosporangium wall. A strong positive reaction was clearly evident in the zoosporeladen zoosporangia ( Figure 5B ).
DISCUSSION
With respect to the Year of the Frog 2008, designated by the association of zoos and aquariums and several other environmental organizations, a working group that consisted of veterinarians and herpetologists was established in Thailand in order to systematically survey and monitor the presence of deadly fungal diseases in both captive and wild amphibians. A survey of emerging Bd infections in national zoo and free-ranging amphibians across the country was organized during 2009-2012 with the aim to screen for the presence of Bd in as many species as possible, including the relative species abundance, and from as many sites as possible. The study confi rmed the presence of chytridiomycosis in two introduced frog species in one zoo in Thailand, but not in any samples of native amphibians, either in zoo captivity or in free-ranging areas. The histopathology and immunohistochemistry revealed the typical characteristics of chytridiomycosis in the animal carcasses, suggesting chytridiomycosis was the likely underlying cause of death.
The emergence of chytridiomycosis has contributed to amphibian population declines in other continents within the last 20 years [1, 8, 15, 35] , while Bd appears to be widely distributed throughout Asia, including Indonesia [11, 36] , South Korea [4, 13] , China [6] , Laos [36] , Malaysia [36] [37] and Cambodia [38] [39] . With respect to the bioclimatic conditions, South East Asia is suitable for the establishment of Bd [28] [29] . However, when compared with disease emergence seen in other parts of the world, no pandemic or epidemic outbreak has been recorded, except for a lethal outbreak of the disease in Japan [14, 17] .This is in agreement with our result, where all the samples from live animals (both zoo captives and wild amphibians) were negative for Bd and there have not been any reports of massive die-offs of native amphibian populations, including at the zoo where the Bd positive cases were detected in the two imported captive frog species. The prevalence of infection was quite low compared to the pattern of disease emergence seen in other parts of the world, although a higher prevalence was shown among non-native species of amphibians. The NJ phylogenetic analysis revealed the evolutional lineage of Bd ZFT-CU1 was not closely related with the global panzootic lineage (Bd-GPL), where it is not clear if the difference in clinical manifestation and virulence fi nding may be due to intraspecifi c diversity of Bd lineages [3, 23] , different amphibian resistance levels or the regional presence of antifungal symbionts [40] . According to Bataille et al. (2013) , Bd is endemic to Asia as a potentially benign pathogen, and if so then Asian amphibians have probably evolved mechanisms of resistance to or tolerance for at least the local endemic strains of Bd and hence chytridiomycosis. It is also not clarifi ed how biotic or abiotic environmental factors could modulate the virulence of Bd, as suggested by Bataille et al. (2013) [4] . An extensive variation in host responses within and among species or even within the same amphibian family has been experimentally documented [15] . Genotypic differences among pathogen isolates can directly affect virulence [22] [23] .
In Thailand, the occurrence of Bd was detected from the carcasses of imported, non-native poison dart frogs in captivity in a zoo in Bangkok by histopathology and immunohistochemistry [31] , without a history of mass-die-off. However, in the natural habitat of Thailand, the occurrence of Bd was previously recorded by PCR analysis from an adult native lesser toad, Ingerophrynus parvus, from Peninsular Thailand in 2012 during a PCR-based survey of the amphibian fauna of the Prince of Songkla University Protected Area [41] , again with no evidence of a disease outbreak. A retrospective survey of the presence of Bd by histological screening of 123 amphibian specimens (28 species) collected in the last 60 years from 13 provinces in Thailand did not fi nd any Bd-positive samples [42] . However, histological examination is not the most powerful (sensitive) method for the detection of Bd [43] [44] , as seen in the present study where only 7/21 PCR-positive samples were found to be positive for Bd by histology.
In conclusion, we confi rmed the emergence of Bd in captive amphibians in Thailand by histopathology, immunohistochemistry and PCR-sequencing techniques. The importance of zoo amphibians as sources of pathogen (especially fungi and viruses) replication and diffusion to the environment, including Bd, as well as the potential threat to wild species, should be a major part of future work. Until now, there was no report of Bd outbreaks in amphibian zoo in Thailand. However, establishing the early detection of Bd presence, the control measures and the study of ecological biodiversity of Thai amphibians would be a crucial step to monitoring after introduction into native free ranging and captive amphibians. Large scale surveillance across the country should be further established.
